findings suggest that the protection of the nest location and the type of substrate used for nesting are relevant factors underlying the breeding performance in this Osprey population and are therefore key to its management. 
Introduction
The Osprey (Pandion haliaetus) was a common breeding species throughout Europe before the nineteenth century (Poole 1989a; Schmidt 2010; Schmidt-Rothmund et al. 2014; Bierregaard et al. 2014) . However, human persecution, especially in the nineteenth century with the improvements of firearms, and the use of persistent organochlorine pesticides (e.g. DDT) in the 1950s to 1980s (Poole 1989a; Bierregaard et al. 2014) caused the extinction of the species in many parts of its range, including Great Britain (1916) , Spain (1981) and the former West Germany (1933) (Poole 1989a; Saurola 1997; Schmidt-Rothmund et al. 2014) . Legal protection, beginning between the 1920s and the 1950s depending on the country, and the stepwise eradication of organochlorine pesticides since the 1960s (completely banned in the EU from 1986) allowed a progressive recovery of the species in terms of population size and spatial distribution (Poole 1989a; Saurola 1997; Schmidt-Rothmund et al. 2014) . Currently, most European populations are increasing or stable, although there are still threats associated with human persecution in some parts of the range (Schmidt-Rothmund et al. 2014; Bierregaard et al. 2014) .
For most raptors, including Ospreys, the availability of nest sites and food supply can limit breeding density (Newton et al. 1977; Newton 1979; Donazar and Ceballos 1989; Poole 1989b; Donazar et al. 1993; Sergio et al. 2002; Rodríguez et al. 2013 ). In the case of Ospreys, proximity to water bodies, which serve as the only foraging sites for this species, are among the most important factors limiting distribution (Poole 1989b; Lõhmus 2001; Bai et al. 2009 ) as are suitable trees for nesting (Saurola 1997) . As a result of deforestation and modern forestry practices, there is a limitation of suitable tress, even in mature forests, for supporting the weight of the large stick nest of Ospreys, and loss of such trees may have contributed to past population declines (Newton 1979; Saurola 1997) . During the last few decades however, the species has started to nest on artificial structures, such as power poles (Poole 1989a, b; Meyburg et al. 1996; Saurola 1997) . Further, artificial nesting platforms have been provided, and are increasingly used by the species in many areas, compensating for the shortage in natural nest sites (Poole 1989a, b; Meyburg et al. 1996; Saurola 1997) . However, although artificial structures may favour breeding in Ospreys, they may also have negative effects because of electrocution of individuals or the disturbance caused by maintenance activities (Kapfer et al. 2010) .
Aside from the nesting substrate, human-related disturbances may have profound effects on the breeding performance of individuals (González et al. 1990; Hiraldo 1991, 1992; Pedrini and Sergio 2001) . The establishment of protected areas in the past, when human pressure on large predators was intense, was probably the most effective measure to conserve persecuted species by providing unfragmented refuges free of human disturbance (Thiollay 2006; Caro et al. 2009; Coetzee et al. 2014 ). In the last few decades however, human pressures (shooting, pesticides) have relaxed and, consequently, a large amount of potentially high quality habitat, unsuitable in the past, is becoming available for Ospreys (Poole 1989b; Trimper et al. 1998; Kapfer et al. 2010 ) and other species with a certain tolerance of human disturbance (Johnston 2001; Marzluff et al. 2001; Cardador et al. 2011; Camacho et al. 2014) . Thus, evaluation of the reproductive performance of Ospreys in relation to the protection status of the nest site may provide valuable information for the development of more efficient conservation measures for the species.
Here, using 9 years of data, we investigated the population trend and productivity of the eastern German population of Ospreys in relation to the protection status of the nest location (used as a proxy for the level of human disturbance) and the type of substrate used for nesting. We expected that Ospreys nesting on artificial structures, by providing a wider stable base for nests than trees, and within protected areas, where human disturbance is reduced, would show higher productivity than pairs nesting in trees and outside protected areas.
Materials and methods

Study area and data collection
Our study was based on data from nests located and systematically monitored within the German state of Brandenburg (29,478 km 2 ; Fig. 1 ) from 2001 to 2009. Compared with other German states, Brandenburg hosts the highest number of Osprey pairs, accounting for about 60% of the German Osprey population (Schmidt 2010) . Nest site protection and data collection in Brandenburg are based basically on two pillars: (1) the Nature Conservation Act of the State of Brandenburg, which includes a special paragraph on nest site protection of selected large and endangered bird species, and (2) a system of nest site caretakers with special competences and duties, which is coordinated by the Brandenburg State Office for Environment, Health and Consumer Protection (Langgemach et al. 2008) . Given the extensive effort of locating new nests and resighting banded individuals made in the state of Brandenburg during the study period, we are confident that few, if any, nests were unknown in the region during our study.
A nest was considered occupied when at least one individual exhibiting breeding behaviour (e.g. nest construction, incubation) was consistently observed in a territory during the breeding season (March to September). In all nests, ringers recorded the type of structure on which the nest was built, the productivity of the pair and the geographic coordinates of the nest site.
Productivity was defined as the total number of nestlings at the age of ringing (between 30 and 35 days old) produced per occupied nest, including active and inactive breeding pairs (Cartron 2000) . We classified the type of nesting substrate as trees (Scots pine, Pinus sylvestris; oak, Quercus robur and Q. petraea; alder, Alnus glutinosa; larch Larix decidua; spruce, Picea alba; and poplar, Populus sp.), pylons (mainly high-voltage power lines, 110 kV, and, to a much lesser extent, medium-voltage power lines, 20 kV), and hunting towers or wooden masts built for hosting either Ospreys or White Storks (Ciconia ciconia; Bai et al. 2009 ). Preliminary analyses showed that pylons (98%) and pine trees (89%) were predominantly used as artificial and natural substrates for nesting, respectively. Further, there were no differences in productivity within artificial substrates (pylons, wooden masts and hunting towers) or natural substrates (pines, oaks, alders, larches, spruces and poplars). As a result, in subsequent analyses, these substrates were pooled into "natural substrates" (trees) and "artificial substrates" (including grid pylons, wooden masts and hunting towers). Exploratory analyses also showed that the proportion of occupied nests without young (i.e. occupied by non-breeding pairs or due to total brood loss), which might bias the results on productivity, was similar in natural (14.7% of the total breeding events in trees) and artificial (14.3%) nest sites.
Given that human persecution and disturbance of nest sites may be an important cause of reproductive failure in birds (Ferrer and Hiraldo 1991; Pedrini and Sergio 2001) , we classified the nests according to the protection status of the nest location as "nests located in protected areas" and "nests located outside protected areas". To this end, we considered the network of protected areas within the state of Brandenburg, which covers 30% of the total state surface area and includes 1 national park, 11 nature parks and 3 biosphere reserves (http://www.mlul.brandenburg.de/media_fast/4055/ udb_1_eng.pdf; Fig. 1 ). We are aware that Ospreys may nest several kilometres from their habitual fishing area (Meyburg et al. 1996) , and thus protection of the nest site may not completely reflect the protection level of the Osprey's home range (particularly for individuals breeding at the boundaries of protected areas; the edge effect, Janzen 1986). Despite this, we assume that the protection status is a reliable proxy for the overall disturbance suffered by breeding pairs at the nest (Ferrer and Hiraldo 1991; Pedrini and Sergio 2001) .
The geographic information system ArcGIS 9.2 (ESRI) was used to measure the nearest-neighbour (Euclidean) distance, regardless of the type of protection and nesting substrate, for each nest as an indicator of the spatial relationships in the population (Clark and Evans 1954) .
Statistical analysis
We used a linear model to analyse the temporal dynamics of the type of substrate (natural or artificial) used for nesting during the study period. In that model, the number of pairs breeding each year was included as the dependent variable, whereas the type of nesting substrate, year and their interaction were included as explanatory variables. A similar model was fitted to analyse whether the number of pairs varied during the study period in relation to the protection status (inside or outside protected areas) of the nest location. Year and its interaction with protection status were also considered as explanatory variables.
We fitted a generalised linear mixed model (GLMM; Gaussian distribution) to test whether the distance to the nearest neighbour, included as the response variable, varied during the study period and in relation to the type of nesting substrate and the protection status of the nest site. In that model, we also included the interactions between year and nesting substrate, year and protection status, and nesting substrate and protection status. Nest identity was included as a random factor since the nests were occupied by Ospreys in different years. Before we fitted the model, the distance between nests was log-transformed to satisfy the assumptions of normality.
To investigate differences in productivity in relation to the type of nesting substrate and the protection status of the nest location, we fitted a GLMM. In that model, we also included year and its interactions with both protection status and the type of nesting substrate to examine the existence of temporal dynamics in productivity associated with these two factors. The distance to the nearest neighbour was considered as a covariate to account for local density, whereas nest identity was included as a random factor. Exploratory analyses showed that common distributions used for discrete data, such Poisson or negative binomial distributions, did not appropriately fit our data on productivity. Thus, after checking that the GLMM assumptions were met, we treated productivity as a continuous (Gaussian) variable as suggested by Gelman and Hill (2006) ; for a discussion on the issue, see also http://andrewgelman.com/2007/05/25/treating_discre/.
Before interpreting the output of the models, we systematically performed model diagnostic statistical procedures to avoid misleading conclusions based on statistical artefacts. To this end, we checked assumptions about the distribution of residuals through diagnostic plots and examined collinearity. These analyses did not show any obvious deviation from linear model or GLMM assumptions or any collinearity problems. Further, we examined the existence of patterns of spatial autocorrelation in the residuals of the Osprey productivity related models with multivariate Mantel correlograms (Oden and Sokal 1986; Legendre and Legendre 1998 ) and the function mpmcorrelogram (Matesanz et al. 2011) . If productivity in nearby nests is more similar than that in more distant nests (e.g. due to common environmental conditions), and this pattern remains in the residuals of the models, the GLMM assumption about independence and random distribution of residuals is violated. However, we did not detect spatial autocorrelation in our data (all P > 0.4).
Statistical analyses were performed with R 3.3.2 (R Core Team 2016). Models were fitted with the package lmerTest (Kuznetsova et al. 2015) . Model selection was done by stepwise removal of the non-significant terms from a fully saturated model (containing all main effects and interactions) in a hierarchical way, starting with the least significant terms. To confirm whether a focal term was significantly informative, we performed a chi-square likelihood ratio test, comparing models including and excluding that focal term.
Results
A total of 1965 breeding events at 396 different nest sites were recorded during the study period. A large proportion (74%) of detected nests were built on artificial platforms, both inside (29.8%) and outside (44.2%) protected areas. The respective figures for natural nest sites were 26%, 11.4% and 14.6%.
The number of occupied nests increased inside and outside protected areas over time (from 157 nests in 2001 to 242 nests in 2009), but the number of nesting pairs remained consistently lower inside protected areas during the study period (Table 1, Fig. 2a) . The growth of the study population was associated with increasing use of artificial nesting structures (inside and outside protected areas; interaction year × protection for artificial nest sites: estimate −0.02 ± 1.3, P = 0.8), since the number of natural nest sites remained similar (inside and outside protected areas; interaction year × protection for natural nest sites: estimate −0.53 ± 0.52, P = 0.32) during the study period (Table 1, Fig. 2b) .
Possibly, as a result of the increased use of artificial nesting structures, the distance to the nearest neighbour (regardless of the protection status) decreased over time in pairs nesting on artificial supports. In contrast, this distance remained similar for pairs nesting in trees during the study period (Table 2, Fig. 3a) . In relation to the protection status, the distance to the nearest neighbour was less inside than outside protected areas for both natural nest sites (mean ± standard error inside −3191 ± 182.35 m, outside 4024 ± 198.11 m; t = 13.3, 1561 degrees of freedom, P < 0.001) and artificial nest sites (mean ± standard error inside 1968 ± 73.76 m, outside 3495 ± 99.99 m; t = 3.37, 396 degrees of freedom, P < 0.001; Table 2 , Fig. 3b) .
Overall, the productivity of Ospreys was higher inside than outside protected areas (Table 3) . Pairs using natural nests showed a higher variance in productivity than pairs nesting on artificial supports during the study period regardless of the protection status of the nest location (Levene's test: F = 5.11, P = 0.037; Fig. 4) . Further, although the overall mean productivity was similar for natural (1.87 ± 0.026) and artificial (1.98 ± 0.051; Table 3 ) nest sites, the productivity recorded in natural nests decreased during the study period, whereas it did not vary for Ospreys nesting on artificial structures (interaction year × substrate in Table 3 ; Fig. 4 ).
Discussion
To our knowledge, this is the first work simultaneously comparing productivity in relation to the protection status (a proxy for human disturbance) and the type of nesting substrate in Ospreys. Ospreys using natural nests showed a higher variance in productivity than Ospreys nesting on artificial structures, regardless of the protection status of the nest location. Further, the productivity recorded in natural nests decreased during the study period, whereas this trend was not found for pairs nesting on artificial substrates. The protection status of the nest location enhanced the breeding performance of Ospreys using natural nest sites and Ospreys using artificial nest sites. Thus, the protection of the nest site from anthropogenic stressors and the use of artificial nesting structures seem to be key independent factors enhancing the productivity in this Osprey population.
The use of artificial supports for nesting is a well-documented phenomenon in Ospreys (Castellanos and OrtegaRubio 1995; Ewins 1996; Meyburg et al. 1996; Saurola 1997) . Indeed, artificial structures constitute by far the most common nesting substrate in some Osprey populations (e.g. 90% and 75% of the occupied nests in Finland and Germany, respectively; Meyburg et al. 1996; Saurola 1997 ). In the case of Ospreys from eastern Germany, the increased use of artificial nest sites, mainly pylons, was an associated factor in the growth of the population, which increased by 1.5-fold during the study period. This may be because these structures compensated for the scarcity of natural nests (resulting from deforestation and modern forestry; Saurola 1997) and their use enhanced productivity in relation to natural nests (see "Results"). Although the distance to the nearest neighbour diminished over time, inside and outside protected areas, we did not find a density-dependent effect on the productivity of Ospreys, which contrasts with the findings of previous reports for other raptors, such as the Spanish Imperial Eagle (Aquila adalberti; Ferrer and Donazar 1996) Ferrer et al. 2008) . At least two mutually inclusive factors may explain these findings. On the one hand, unlike other raptors, the Osprey seems to be a tolerant species regarding territorial defence as, for example, fishing areas may be shared by several pairs and, in some places, Ospreys may nest in loose colonies (Newton 1979; Poole 1989a ). On the other hand, although the study population is growing, it is possible that there is still sufficient food and there are still sufficient nest sites for all the breeding individuals in the population.
Breeding performance in Ospreys was tightly associated with the type of nesting substrate since the productivity recorded in natural nest sites showed higher variance than that recorded in artificial nest sites during the study period, regardless of the protection status of the nest location. Further, the productivity in natural nests decreased during the study period, unlike that recorded in nests built on artificial structures. As a consequence, pairs nesting in natural sites showed lower productivity than those nesting on artificial structures during the second part of the study (from 2005). Temporal differences in the quality or status of individuals using natural and artificial nest sites might explain these findings; for example, if there is little or no replacement of the pairs nesting in natural sites because of high fidelity and natural site limitations (see Fig. 2b ), those individuals would become progressively older relative to pairs using artificial nest sites, and so might suffer more from senescence. A second, non-exclusive, explanation is related to temporal differences between the quality of the areas containing natural and Fig. 3 Distance (mean ± standard error) to the nearest neighbour during the study period in relation to a the type of substrate (artificial or natural) used for nesting and b the protection status (inside or outside protected areas) of the nest location artificial nest sites; for example, artificial structures recently colonised by Ospreys might be located in areas with more resources or a lower density of competitors, leading to a higher productivity of pairs nesting on artificial structures relative to those using natural nests. It should be noted, however, that breeding success was not conspicuously density dependent in the study population. In addition, the fact that artificial structures are usually more difficult for predators to climb and provide a wider stable base for nests than trees (Postupalsky 1978; Poole 1989b; Meyburg et al. 1996) could contribute to the differences in productivity between nest sites. Regardless of the factors underlying the nesting-substrate-related differences in productivity, our findings are in agreement with previous studies conducted in other Osprey populations of North America (Poole 1989b) and Germany (Meyburg et al. 1996) . In contrast, a study conducted from 1995 to 2005 on the whole German population of Ospreys (Bai et al. 2009 ) reported a lack of association between productivity and nesting substrate (trees and poles). Differences in the availability of resources (e.g. water bodies, fish abundance) or predation pressures in relation to the nesting substrate and their subsequent effect on productivity might explain the discrepancies between studies. Since anthropogenic alterations usually have negative consequences for species, it is assumed that protected areas are beneficial for species persistence. Nevertheless, densitydependent effects may entail negative fitness consequences within protected areas. Alternatively, some species may be unaffected by protection, and others may even benefit from moderately transformed habitats (Johnston 2001; Marzluff et al. 2001; Devictor et al. 2007; Cardador et al. 2011; Camacho et al. 2014) . Thus, understanding avian responses to anthropogenic factors is a relevant issue in conservation. We found that Osprey productivity was, on average, higher Fig. 4 Productivity (number of nestlings per occupied nest; mean ± standard deviation) of Ospreys during the study period in relation to the substrate (artificial or natural) used for nesting and the protection status (inside or outside protected areas) of the nest location. Lines indicate the regression of productivity (regardless of the protection status) during the study period inside than outside protected areas even though the species is known to tolerate and habituate to moderate levels of human activity (Poole 1981; Van Daele and Van Daele 1982; Trimper et al. 1998; Kapfer et al. 2010) . A higher habitat quality within protected areas and/or a higher habitat stability, which is beneficial for specialised species (Devictor et al. 2007 ) such as the Osprey, might explain these results. For example, Ospreys are sensitive to local prey availability, changes in fish communities and environmental contamination (Grove et al. 2009; Baril et al. 2013; Schmidt-Rothmund et al. 2014) . Further, prominent trees and/or trees that are less exposed to adverse environmental conditions are possibly more abundant in protected areas than in non-protected areas, as the latter are more exposed to forestry, which may also contribute to explaining the differences in productivity associated with protection status. In summary, we have shown that the Osprey population in eastern Germany grew during the study period, favoured by the increasing use of artificial nesting structures. Overall, individuals breeding on these structures had a better reproductive performance than individuals nesting in natural sites, which were characterised by an unstable and decreasing productivity over time. Further, the protection of the nest location was positively related to Osprey productivity. Nest platform provisioning and the protection of the nest site are thus efficient conservation actions for the management of this emblematic species.
